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DTU og Risø DTU 
Danmarks Tekniske Universitet (DTU) 
– 7000 studerende, 4200 ansatte, omsætning 3,2 mia. kr.  
Risø DTU er nationallaboratorium for bæredygtig energi 
– 700 ansatte, budget ca. 550 mio. kr. 
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Hvorfor kernekraft? 
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Hvorfor kernekraft? 
• Vi mangler energi 
• Vi tager ikke hensyn til klima og miljø 
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1. Overbefolkning? 
History of humans in numbers and technology 
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Verden i dag - energiforbrug 
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Megabyer 2050 
Kilde: Electric Power Research Institute 
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Global Energimangel? 
• Vi er ca. 7 milliarder 
mennesker på Jorden 
• Vi bruger energi 
svarende til ca. 12 mia. 
ton olie om året. 
• Forbruget er voksende 
fordi: 
– Indbyggerantallet 
vokser 
– Forbruget pr. person 
vokser.    
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• Danmark bruger 829×1015 joule / år      =    26 GW 
• En Dansker bruger     5.3 kW 
• En Kineser bruger                                      0.5 kW 
 
• Kineserne vil indhente os, så 
 de åbner et nyt kraftværk hver 2. uge! 
 de åbner et nyt kraftværk hver uge! 
Global Energimangel? 
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Different forecasts of future oil production:  
“mind the gap”  
From: Energy Watch Groupe (2008;12), Crude Oil – The Supply Outlook 
http://www.energywatchgroup.org/fileadmin/global/pdf/2008-02_EWG_Oil_Report_updated.pdf  
• IEA produces 
forecasts (WEO) 
for OECD 
countries 
• Forecast by IEA  
differs greatly 
from other 
“independent” 
forecasts  
• Severe 
uncertainty about 
future oil 
production  
 
WEO 2007 
WEO 2008 
What the economy 
and society expects  
12 
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2. Miljø og klima: 
The “hockey stick” - Northern hemisphere temperature 
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Global average temperature 1850-2009 relative 
to the baseline period 1880-1920 
Atmosfærens CO2-koncentration 
Atmosfærens CO2-koncentration 
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The final proof: 
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• De fossile kilder: kul, 
olie og naturgas 
dækker ca. 80% 
 
• De vedvarende 
kilder: vind, sol, 
vandkraft og 
biomasse dækker 
ca. 15% 
 
• Atomkraft dækker 
ca. 5% 
80% 
fossile 
brændstoffer 
34,5% 
olie 
24,5% 
kul 
21,2% 
gas 
10,6% 
biomasse, 
affald 
6,5% 
fission 
2,2% 
vandkraft 
0,416% 
geotermisk 
0,051% 
vind 
0,039% 
sol 
0,0005% 
bølgeenergi 
Anno 2005 
Nuværende energikilder (2005) 
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• Heading for trouble! 
Fossil energy use is increasing …. 
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Other renewables 
Biomass 
Hydro 
Nuclear 
Gas 
Oil 
Coal 
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Alternative energikilder uden 
udledning af CO2 
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Vindkraft 
Middelgrunden  20X2 MW 
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Vandkraft 
Risø DTU, Technical University of Denmark 
Biomass ressources 
Straw: 5.2 mill. tons (2006) 
 
Heat and 
power
26%
Fodder
19%
Bedding
12%
Ploughed in
43%
Risø DTU, Technical University of Denmark 
Biomass, bio energy and bio materials 
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A solar cell made from polymers and 
produced by printing technology 
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Fusion Energy 
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Nuclear Power 
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En million gange mere energi end i kul! 
    Kernekraft: 
Spaltning af uran (fission)  
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Kædereaktion 
Kædereaktion og kritikalitet 
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Boiling Water Reactor - BWR 
UNF Odense 22. september 2011 
For at erstatte en reaktor i Forsmark... 
Forsmark 1  
Elektrisk effekt: 980 MW  
1,3 millioner hestekræfter 
20 tons uranbrændsel/år 
  
Back 
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For at erstatte en reaktor i Forsmark kræves 
Vindkraft 
1000 vindmøller 
(på 2 MW)  
Biobrændsel (træflis) 
16,5 millioner m3 
Udbygning af 
Torne og Kalix elv 
Vandkraft 
Naturgas eller olie 
Gas: 2,1 milliarder m3  
Olie: 2,1 millioner m3 
Tre millioner ton  
Stenkul 
Back 
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Nuclear Power Plants in the World 
35 
Source: www.insc.anl.gov/pwrmaps/map/world_map.php and IAEA PRIS 
Total: 441 reactors in 30 countries 
104 in the US 
58 in France 
54 in Japan 
32 in Russia 
80% are Light Water Reactors 
Installed power: 374,000 MW 
Back 
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Nuclear Share of Electricity Generation 
36 
20 40 60 80 
Source: IAEA PRIS 
EU-27 
UNF Odense 22. september 2011 
Nuclear renaissance? 
• Security of supply 
• Environmental issues 
• Economy 
• Safety of nuclear power 
• Waste management 
• Proliferation issues 
• Public acceptance 
 
Opportunities    Challenges 
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Security of supply – Uranium ressources 
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Uranium resources are distributed 
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Nuclear has a low carbon footprint 
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Costs of Nuclear Energy Production 
41 
 
6% is for back-end 
costs 
Typical International Cost Distribution 
Typical Swedish Cost Distribution 
(öre/kWh) 
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Nuclear renaissance? 
• Security of supply 
• Environmental issues 
• Economy 
• Safety of nuclear power 
• Waste management 
• Nuclear weapons 
• Public acceptance 
 
Opportunities    Challenges 
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• Fukushima 2011 
Sikkerhed ved kernekraftværker 
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Waste Handling and Storage 
• Waste handling approach varies between countries – 
reprocessing requires large scale investments 
45 
Back 
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Nuclear weapons – a security challenge 
Nuclear power technologies: 
 
• Enrichment of uranium: U-235 
• Reprocessing spent fuel for plutonium 
 May also be used for nuclear weapons!!! 
 
International Atomic Energy Agency (IAEA) 
• Non-proliferation treaty 
• Safeguard of fissile materials  
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Public opinion – in favor of nuclear? 
 
USA 
UK 
SE 
FI 
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The Near Future 
More than 60 New Nuclear Power Plant 
Builds in Progress and Another Close to 
100 are Planned 
Back 
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Nuclear power plants information 
 
 
Source: © 2009 IAEA 
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Planning of New Nuclear Power Plants  
In September 2011, 63 power reactors are under construction in 14 countries 
50 
Back 
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Nuclear power could expand by a factor of almost 4 
 
Past and future development 
Source: OECD/NEA 
Also after Fukushima? 
UNF Odense 22. september 2011 52 
Pause! 
Side 1 
Fukushima 
status for en igangværende ulykke 
 
IDA 18 maj 2011 
+ 
Opdateringer frem til 10. september 2011 
 
Erik Nonbøl, Risø DTU 
Steen Hoe,   Beredskabsstyrelsen 
 
Japanske reaktorer tæt på epicentret 
11. marts, lokal tid 14:46, gmt 06:46  
Side 2 
Side 3 
Side 4 
●11 reactors were automatically shut-down 
    - Onagawa Units 1,2,3 
     - Fukushima Dai-ichi (I) Units 1,2,3  
     - Fukushima-Dai-ni (II) Units 1,2,3,4 
     - Tokai Dai-ni (II)  
 
●3 reactors were under periodic inspection  
     - Fukushima Dai-ichi (I) Units 4,5,6  
 
     -After the automatic shut-down of, Units 1-3 at Onagawa SITE, Unit 3 at 
Fukushima II Site, and the Unit at Tokai II Nuclear Power Station the NPP was 
put in cold shut down safely.  
 
     -As for the Units 1,2,4 at Fukushima Dai-ni (II)Site, the operator of the 
station reported NISA nuclear emergency situation because the temperature 
of the suppression pools became more than 100 ℃, but afterward the three 
units have been cold shut down.  
5 
Automatic shut-down of nuclear reactors 
Layout of Fukushima Dai-ichi Nuclear 
Plant Site 
Unit 5 Unit 6
Unit 1Unit 2Unit 3
Unit 4
6 
＃4 T/B ＃3 T/B ＃2 T/B ＃1 T/B 
＃1 R/B 
＃2 R/B ＃3 R/B ＃4 R/B 
Source: Google Earth 
Many 
structures 
facing the bay 
are destroyed  
Before the earthquake 
After the earthquake & tsunami 
(before explosion) 
7 
Fukushima 1 (Dai-ichi) NPP  
8 
Reactor 
Building 
Primary Containment 
Vessel (PCV) 
Dry Well 
(D/W) 
Spent Fuel Pool（SFP) 
Reactor Pressure Vessel 
(RPV) 
Suppression Chamber（S/C）  
Overview of Mark-1 Type BWR (Units 1,2,3 and 4) 
Unit 1 2 3 4 5 6 
Number of Fuel Assembly in the 
Core  400 548 548 - 548 764 
Number of Spent Fuel Assembly 
in the Spent Fuel Pool  292 587 514 1,331 946 876 
Number of New Fuel Assembly 
in the Spent Fuel Pool  100 28 52 204 48 64 
Water Volume (m3) 1,020 1,425 1,425 1,425 1,425 1,497 
Unit 1 Unit 2 Unit 3 Unit 4 
-Most recent 
shut down was 
on Sep.27,2010 
- Most recent 
shut down was 
on Nov.18,2010 
- Most recent shut 
down was on 
Sep.23,2010 
 
-Most recent shut down was on 
Nov.29,2010 
-All fuel assembly was 
removed from the core and 
located in the pool due to the 
core shroud replacement 
Condition of the fuel in the Spent Fuel Pool 
9 
1
Seawater Pump
Elevation: 
about 10m
Turbine
Building
①＋② ⇒ Station Black Out
Tsunami (estimated more than 10m)
Grid Line
② D/G Inoperable due to Tsunami flood
D/G
Seawater level
① Loss of offsite power 
due to the earthquake
All Motor Operated pumps (including ECCS 
pumps) became inoperable
Reactor
Building
10 
Note:  
-All operating units when 
earthquake 
  occurred  were automatically 
shut  
 down. 
-Emergency Diesels have worked    
 properly until the Tsunami wave. 
 
Major root cause of the damage  
16 May 2011 
Reactor design - Fukushima 
16 May 2011 
NUK seminar 
Side 13 
Accident progression 
11.3.2011 
 
Units 1, 2 and 3 in operation  
Units 4, 5 and 6 closed down 
 
Spent fuel pools in top of reactor 
buildings 
Fuel 
elements 
Side 15 
Side 16 
Side 17 
Side 18 
Side 19 
Side 20 
Side 21 
Side 22 
Side 23 
Side 24 
Side 25 
Side 26 
Side 27 
Side 28 
Side 29 
Side 30 
Side 31 
Side 32 
Side 34 
Accident progression 
11.3.2011  Kl. 16:36 
 
Loss of cooling in unit 1 
 
13.3.2011  Kl. 5:10 
 
Loss of cooling in unit 3 
 
14.3.2011  Kl. 13:25 
 
Loss of cooling in unit 2 
 
12.3 Evacuation, 20 km zone 
 
Power plant unstable 
INES level 4 
Accident progression 
12-13.3.2011 
 
Temperature and pressure raising 
Water level decreasing 
Pressure release of RPV 
 
Start of melt down 
  900 °C  Release of radioactivity 
1200 °C  Hydrogen production 
1800 °C  Fuel cladding melts 
2700 °C  Fuel (U-Zr) melts 
 
Reactor containment intact 
 
Power plant very unstable 
INES level 5 
Side 37 
Side 38 
Side 39 
Side 40 
Side 41 
Melted fuel in unit 1 
Side 42 
Recirculation, cooling and filtering of water 
from the bottom of containment 
Side 43 
 Side 44 
Core melt progressing unit 1 
Side 45 
Measured RPV temperatures 
Side 46 
Units 1, 3 
12 - 14.3.2011 
 
Radioactive steam in reactor building 
Hydrogen in reactor building 
 
Power plant very unstable 
INES level 5 
Unit 1 
Fukushima NPP after the accident 
Reactor 2-4 
Reactor 4 
NUK seminar 
Pools for water storage 
Units 1, 3 
12 - 14.3.2011 
 
Hydrogen explosions in units 1, 3 
 
Release of noble gases 
Small release of aerosols – Cs, I 
 
Accident – level 5? 
Side 53 
Side 54 
Unit 2 
15.3.2011 
 
Explosion i buttom of unit 2 
(condensation chamber) 
Damage to containment 
 
Release of fission products 
 
High radiation levels 
Evacuation of the plant 
 
Accident – level 6-7? 
Side 58 
Side 59 
Side 62 
Side 63 
Spent fuel pools 
15-16.3.2011 
 
Spent fuel pools outside reactor 
containment 
 
No external cooling 
Leakage of pools? 
 
Passive cooling: 
 Unit 4  ∼  days 
 Units 1-3,5,6 ∼ weeks 
 
Meltdown of spent fuel? 
Large releases? 
 
Accident – level 7? 
Side 65 
Side 66 
Side 69 
Current status – 27.4.2011 
Partial meltdown of fuel in 
reactors 1-3 
 
Damage to containment in unit 
2  
 
(Damage to spent fuel in unit 4) 
 
Feed of water in reactor pressure 
vessels, pools 
 
External power to units 1-4 but no 
external cooling 
 
Accident – level 7? 
Unit 1 
HE at 12th 
View of Units 1, 2, 3, 4 After Explosions 
73 
Unit 2 
HE at 15th 
Unit 3 
HE at 14th 
Unit 4 
HE at 15th 
Accident Progression at Units 2, 3, 4 
Unit 4 Unit 3 
Unit 2 
75 
Unit 3 
Unit 3 
76 
Water spray into the SFP of Unit 4  
using concrete pump truck 
Water spray 
using concrete 
pump truck 
Filtrate Tank Reservoir 
tank 
Pump 
Dam 
Fire extinguishing 
basin 
Sea 
Fire pump 
Fire extinguishing 
basin 
Sea water injection to the 
RPV from the existing 
makeup water system using 
fire-extinguishing pump 
HPCI 
PCV 
Reactor Bldg. 
RPV 
Isolation 
Condenser 
Fire pump 
PCV Spray Cooling System 
Core Spray System 
Poison Tank 
Condensate 
Storage Tank 
- Sea water injection using fire water pump   - S/ C 
Venting to depressurize the PCV 
: Inoperable 
Stack 
SGTS 
S/C Venting to 
depressurize the PCV 
Countermeasures at Unit 1 
77 
INES 
• INES 3 (“Defense in Depth” ) 
• INES 4 (12 March) “Radiological Barriers 
and Control”  
• INES 5 (18 March) 
• INES 7 (Release) 
Page 82 
Side 83 
Reactor Building Turbine 
Building 
Water leakage in trenches 
Side view of the Fukushima trenches and tunnels (Source: Wikipedia) 
- Highly radioactive water was found in trenches at Units 1, 2 and 3  
The Units 2 and 3 trenches were 1 m below the level at which they would 
overflow into the sea. On the other hand, the unit 1 trench was 10 cm 
from overflowing. (As of March. 30th) 
84 
Målte isotoper i nedfaldet 
Side 89 
91 
March11, 21:23 hrs: Government directed evacuation of residents within 3 
km radius of Fukushima Dai-ichi 
 
March 12, 05:44 hrs: Government directed evacuation of residents within 10 
km radius of Fukushima Dai-ichi 
 
March 12, 18:25 hrs: Government directed evacuation of residents within 20 
km radius from Fukushima Dai-ichi  
 
March 15: Local Emergency Response Headquarter issued direction to 
administer stable Iodine during evacuation from the 20 km radius evacuation  
area 
 
Sheltering of residents was inplemented in the area from 20km to 30km of 
Fukushima Dai-ichi; and, cooperating with Fukushima Prefecture, livelihood 
support to the residents in the sheltering area are implemented. 
 
March 25: Chief Cabinet Secretary announced voluntary evacuation of 
residents within the area from 20 km to 30 km of Fukushima Dai-ichi 
Evacuation, Sheltering, Stable Iodine 
96 
Side 97 
98 
Risø/BRS målestationer 
Side 100 
En ny Tjernobyl ulykke? 
 
Fire krav til sikkerhed 
1. Stabil drift 
2. Sikker nedlukning 
3. Nødkøle-systemer 
4. Indeslutning 
27. april 2011 
Reaktorsikkerhed: Fukushima 
Stabil drift    √ 
Sikker           √ 
nedlukning 
Nødkøle-  (√) 
systemer 
Reaktor-   (√) 
indeslutning 
Reaktorsikkerhed: Tjernobyl 
Stabil drift     ÷ 
Sikker       (√) 
nedlukning 
Nødkøle-  (√)  
systemer 
Reaktor-       ÷ 
indeslutning 
Operatør fejl 
Ingen 
indeslutning! 
Source Term 
Side 105 
Foreløbige konklusioner 
• Fukushima ulykken er den næstmest alvorlige ulykke på 
et kernekraftværk 
• Ingen umiddelbare skader på mennesker. Antal 
cancertilfælde vil være begrænset, da de mest udsatte 
befolkningsgrupper blev evakueret 
• Det vil tage 6-9 måneder, at få reaktorerne under kontrol 
(kold nedlukning) 
• Reaktorerne 1 - 3 er ødelagte. Det vil tage adskillige år og 
kræve robotudstyr at nedbryde reaktorerne 
• Vi kender kun delvist omfanget af den lokale forurening 
27. april 2011 
Forhøjet baggrundsstråling 
Fukushima Dai-ichi NPP 
Fukushima Dai-ni NPP 
μSv/hour 
(April 10) 
Radioaktivt nedfald fra Fukushima 
15.3.2011 
Baggrundsstråling i Fukushima 
Præfekturet 
Måling  
25. april 
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Status pr. 7. september 2011 
 
Side 112 
Side 113 
Situationen for kernekraft efter Fukushima ? 
• Tyskland indstiller driften af 7 enheder og går tilbage 
til den oprindelige beslutning om en total udfasning i 
2022 af de resterende 12 enheder 
• Schweiz stopper for udbygning 
• Belgien stopper for udbygning 
• Kina standser for en tid udbygningen 
• Japan indstiller driften af de fleste af deres 54 
enheder for nærmere undersøgelse af 
jordskælv/tsunami sikringen                             
(1/8-2011 var 18 enheder i drift) 
Side 114 
• Stress test af nukleare værker i Europa 
– Modstandsevne over for oversvømmelser og  jordskælv 
– Tilstrækkeligheden af værkernes nødstrømsforsyninger 
– Tilstrækkeligheden af værkernes vandforsyninger 
– Tilstrækkeligheden af kølesystemet for 
brændselsbassinerne 
– Recombiner egenskaberne 
Stress testen skal være gennemført med tilfredsstillende 
resultat inden udgangen af 2011 
  
 
  
Side 115 
Situationen for kernekraft efter Fukushima ? 
• Erstatte Zr-cladding med en legering, som ikke udvikler 
store mængder brint ved iltning 
• Nyt og forbedret design af nødstrømsforsyninger 
• Større vandreservoirer 
• Mere passive designelementer, som ikke kræver strøm 
• Bedre separation af enhederne på de enkelte sites 
• Re-design af brændselsbassiner 
• Bedre uddannelse af operatørerne i accident 
progressing (er procedurerne tilstrækkelige?) 
 
Side 116 
Situationen for kernekraften på længere sigt  
